We experimentally demonstrate a new measurement scheme for the discrimination of two coherent states. The measurement scheme is based on a displacement operation followed by a photon number resolving detector, and we show that it outperforms the standard homodyne detector which we, in addition, proof to be optimal within all Gaussian operations including conditional dynamics. We also show that the non-Gaussian detector is superior to the homodyne detector in a continuous variable quantum key distribution scheme.
According to the basic postulates of quantum mechanics, perfect discrimination of non-orthogonal quantum states is impossible. Suppose, for example, one is randomly given one of two a priori known coherent states, then there is no physical apparatus that with certainty can identify which state was at hand due to the intrinsic non-orthogonality of coherent states. This inability to perfectly discriminate coherent states is the engine for unconditionally secure communication via continuous variable quantum key distribution [1] . On the other hand, in order to increase the secure key rate, optimized discrimination strategies must be implemented. Optimized measurements for coherent state discrimination are also of great use in other quantum devices such as quantum computers [2] and quantum repeaters [3] .
The impossibility of perfectly discriminating quantum state has therefore lead to the fundamental problem of finding measurement strategies for which the discrimination task is optimised with respect to different figure of merits. The two most well-known discrimination strategies are deterministic minimum error state discrimination (MESD) and probabilistic unambigious state discrimination (USD) [4] [5] [6] [7] [8] . In an optimised MESD measurement all measurement outcomes are kept and the error rate is minimized whereas in an optimised USD measurement only conclusive measurement outcomes are kept while the rate of inconclusive results is minimized. Experimental realizations of such measurement strategies have been pursued [9] [10] [11] [12] [13] [14] .
A combination of the two discrimination schemes -the intermediate discrimination (ID) scheme -where one allows for both erroneous and inconclusive results has also been treated theoretically. More precisely, the minimal probability of errors for a fixed probability of inconclusive results has been derived for pure and mixed states in refs. [15] and [16] , respectively. A well-known (however non-optimal) ID scheme is the postselection based homodyne detector where the quadrature measurement outcomes are favourably postselected. Such a measurement scheme has been used to discriminate binary coherent states in quantum key distribution [17] [18] [19] but also to discriminate noisy non-classical states for distillation [20] [21] [22] [23] and to engineer quantum state [24, 25] .
In this Letter, we first show theoretically that the postselection based homodyne detector is the optimal intermediate discrimination strategy for binary coherent states over all Gaussian measurement approaches (including Gaussian transformations, homodyne detectors and conditional dynamics). Furthermore, we experimentally implement a Non-Gaussian measurement strategy (based on a displacement controlled photon number resolving (PNR) detector) that outperforms the optimal Gaussian strategy. Finally, we show theoretically that by using the non-Gaussian detector in replacement of the postselection based homodyne detector in a continuous variable quantum key distribution protocol, a substantial increase of the secure key rate is expected.
Consider a binary alphabet of two pure and phase shifted coherent states {|−α , |α } occuring with the a priori probabilities p 1 and p 2 . The task of the receiver is to certify whether the state was prepared in |−α or |α using a measurement described by the three-component positive operator-valued measure (POVM)Π i , i = 1, 2, ? whereΠ i >0 andΠ 1 +Π 2 +Π ? =Î. An inconclusive result will occur with the probability
where −α|Π ? |−α ( α|Π ? |α ) represents the probability of inconclusive results when |−α (|α ) was prepared. Furthermore, the average error probability is given by where −α|Π 2 |−α ( α|Π 1 |α ) represents the error probability of mistakenly guessing |−α (|α ). An optimised intermediate detector has a minimal error probability, p E , for a given probability of inconclusive results, p inc .
An experimentally simple candidate for an intermediate measurement is the homodyne detector measuring the excitation quadrature followed by postselection of the outcomes as illustrated in Fig. 1 (a) [17] [18] [19] . The distribution of the measurement outcomes is shown in Fig. 1 (b) and is divided into three regions associated with the three POVM elements. If the measurement outcome is larger (smaller) than a certain threshold value, B(−B), then we identify |α (| − α ) (with errors), otherwise the outcomes are inconclusive. The trade-off between the error probability and the probability of inconclusive results can be easily tuned by the threshold value, B.
In the following we prove that this measurement scheme is the optimal strategy for realizing the intermediate measurement within all possible Gaussian operations and conditional dynamics (classical feedback or feedforward). First we note that if the input alphabet as well as all operations are Gaussian, conditional dynamics is useless [26] . In our case, however, the input alphabet consisting of an ensemble of two coherent states is non-Gaussian, and thus we cannot discard conditional dynamics as an option to improve the discrimination task. The POVM consisting of noise-free Gaussian operations without conditional dynamics is described by a set of operators
iϕ is a complex squeezing parameter, and (u, v) are quadratures representing a measurement outcome [27] . The probability distributions of detecting |±α with this POVM are P (u, v|±α)= 1 . According to the Bayesian strategy [4] , an optimal signal decision for the fixed measurement is to guess |−α for Λ 1 ≥Λ B , |α for Λ 2 ≥Λ B , and the inconclusive result otherwise, where Λ B is the threshold. The error probabilities and the probabilities of having inconclusive result for each signal are then given by p
, where
, and α is assumed to be real and positive for simplicity. Here we can find that the average error probability
e )/(1−p inc ) and the inconclusive probability p inc =p 1 p
are simultaneously minimized with ϕ = 0 and r → ∞. It corresponds to an X-quadrature measurement, implying that the optimal measurement with only Gaussian operations is the homodyne detector with phase ϕ=0.
Furthermore, any conditional operation is proven to be useless by considering two Gaussian operations. The first Gaussian operation on the input state includes a partial measurement of the signal and generally outputs a measurement outcome and a conditional output state. It was shown that such a conditional state can always be transformed into another mixture of coherent stateŝ
, with real and positive α ′ , by an additional Gaussian operation which is deterministic and independent of the partial measurement outcome denoted by d M [27] . Since only the posteriori probabilities depend on d M , the optimal second operation is independent of d M and given by a fixed homodyne measurement (ϕ=0) as already shown. We therefore conclude that any conditional dynamics is not useful in the two-step measurement scenario. An extension of the above conclusion to the multi-step measurement scenario is straightforward, which proves the optimality of the homodyne detector within all possible Gaussian operations and conditional dynamics [28] .
Although the homodyne detector is optimal within all Gaussian strategies, there exist non-Gaussian strategies that out-perform the homodyne detector. In the following we discuss a new, non-Gaussian discrimination detector that beats the performance of the homodyne detector. It is based on a displacement operation, D(β), followed by a detection of the photon number (see Fig. 1(c) ) with which conclusions are made [29] . The photon number distributions of the two possible coherent states after displacement are shown in Fig. 1(d) . For zero photon outcomes, we identify | − α (since the zero-photon contribution from | − α is much larger than from |α ) and associate the POVM,Π 1 =|0 0|. If the photon number outcome, n, is larger than a certain threshold, m, we identify |α with the POVM,Π 2 =Î−Π 1 −Π ? , otherwise we obtain inconclusive results described by the POVM, Π ? = m n=1 |n n|. To minimize the error rate the displacement must be optimized, and a detailed discussion on this optimization procedure can be found in Ref. [29] .
In Fig. 3(b) (grey lines) we compare our new detector with the homodyne receiver by choosing the postselection parameter B such that the rates of inconclusive results are equal for both strategies, i.e. p inc,HD =p inc,PNR . We find that the displacement controlled PNR detector (solid lines) surpasses the performance of the homodyne detector (dashed lines) for all signal amplitudes.
We continue with a description of the experimental realization of the two detector schemes. As shown in Fig. 2(a) the setup consists of a preparation stage and two different receiver stages. The signal states are generated in a polarisation mode orthogonal to an auxiliary mode: The field amplitude of the auxiliary mode is coherently transfered into the signal polarisation by means of an electro-optical modulator (EOM). We carefully characterize the prepared signal and both detectors and verify that the amount of excess noise stemming from the EOM is miniscule [14] . Using a 50/50 beam splitter, two identical signal states are directed to the two detection schemes. The homodyne receiver records a quadrature value for each signal pulse. Its quantum efficiency amounts to η hom = 85.8%, and the electronic noise level is more than 23 dB below the shot noise level. The PNR receiver is composed of a displacement operation (driven by an EOM and the auxiliary mode) and a fiber coupled avalanche photo diode (APD) operating in an actively gated mode, such that the dead time of the device (50 ns) is much shorter than the measurement time (800 ns) (which defines the duration of the state). The APD therefore works as a primitive photon number resolving detector [33] . The interference of the signal and auxiliary oscillator is performed with an extinction ratio of about 1/700 and the total detection efficiency of the displacement operation and the detection is estimated to be η on/off = 55%. A PC controls the preparation of the states as well as the displacement in the PNR receiver by modulating the two EOMs. Simultaneously it acquires the homodyne and the APD detection outcomes during the pulse sequence. (The quadrature values are derived by averaging 16 samples of homodyne data (bandwidth 10 MHz), which is digitized with 20MS/s. The detected temporal modes at both receivers are therefore equal to a reasonable extent.) An example of such a sequence is shown in Fig. 2(b) . The outcomes of the receivers are then divided into correct, false and inconclusive results. In our experiment the PNR receiver is demonstrated for m = 0, 1 and 2. We find that for any m the displacement can be optimized such that the experimentally measured error rates reach a minimum. The optimal displacement is higher for higher m and the minimum error rate after this optimization of the displacement is lowered for increasing m. The error rates for varying amplitudes are plotted in Fig. 3(a) . We find a maximal reduction of the error rate by a factor of 3.5 going from m = 0 (deterministic scheme) to m = 2 (probabilistic scheme) at the signal |α| 2 = 0.47. The corresponding penalty on the acceptance rates and the comparison with the theoretical predictions are shown in Fig. 3(b) . In this figure the performance of the homodyne detector is compared with the performance of the displacement controlled PNR detector and it can be clearly seen (especailly for m = 1) that the latter non-Gaussian detector outperforms the former Gaussian detector at several data points. For details see [28] .
In the last part of the letter, we investigate the performance of a continuous variable quantum key distribution scheme in which the standard homodyne detector is replaced by an ideal displacement controlled PNR receiver at the receiving station. We consider a binary coherent state alphabet, a lossy channel (with no excess noise) and an error correction scheme based on direct reconciliation [30] . For this scheme the secret key rate is G = (1 − p inc )(I B − I E ) with Bob's information I B = 1−H(p err ), and it depends on the channel transmittance η, the signal amplitude α, the displacement value β, and the threshold value m. We calculate the key rate G as a function of the channel transmittance η while optimizing the other parameters (typically α∈[0.5,1.5]). The result is shown in Fig. 3(c) (solid curve) . For comparison we also insert the key rate for the standard homodyne detection based protocol (dashed curve) [31] . We find that the new scheme is far superior to the homodyne scheme by several orders of magnitude, especially in the realistic case of high channel attenuation.
In this Letter, we have experimentally demonstrated a receiver for binary-encoded optical coherent states based on an optimized displacement, a photon number resolving measurement and postselection of the measured photon number outcomes. We compared this receiver scheme to the homodyne receiver, which we proved to be the optimal Gaussian receiver, and found that the performance of the PNR receiver beats that of the homodyne receiver. The quantum efficiency for both receivers is approaching unity due to rapid development in this field. Consequently, we showed theoretically that by using an ideal version of the new receiver in replacement of the standard homodyne receiver in a continuous variable QKD protocol, superior performance in terms of increased secure key rate is expected. QKD is just one application among many others for which the PNR receiver demonstrates superior performance in comparison with a homodyne based scheme, and thus we believe that our new detector will play a significant role in future quantum information technologies.
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